Introduction
Signaling through the JAK-STAT pathway can lead to cell proliferation, survival, and differentiation (reviewed in refs. 1 and 2). By coordinating these basic cellular functions, JAK-STAT mediates many important biological phenomena such as hematopoiesis, immune development and function, mammary gland development, and lactation. [3] [4] [5] Accordingly, germline mutations in the pathway can result in human disease, particularly of the immune system. 6 Somatic gain-of-function alterations in JAK-STAT signaling can lead to uncontrolled cell proliferation that drives cancer growth and myeloproliferative diseases. 7, 8 For example, in acute lymphoblastic leukemia, JAK2 is hyperactivated, 9 and mutations in suppressor of cytokine signaling 1 (SOCS1) are seen in cases of Hodgkin lymphoma. 10 Therefore, it is understandable why studying the details of this pleiotropic signaling pathway is an important area of research.
Schematically, canonical JAK-STAT signaling is often depicted as a simple linear pathway, consisting of three sequential elements: (1) a cytokine or growth factor receptor, (2) Janus kinase (JAK), and (3) signal transducer and activator of transcription (STAT). The JAK family of tyrosine kinases contains four members: JAK1, JAK2, JAK3, and tyrosine kinase 2 (TYK2). All are expressed in most cells except for JAK3, which appears to be restricted to hematopoietic cells and is required for common gamma-chain (γc) cytokine receptor signaling. 11 Mutations in JAK3 or γc result in severe combined immunodeficiency. [12] [13] [14] Upon cytokine binding, JAK proteins interacting with the cytoplasmic tails of cytokine receptors are induced to trans-phosphorylate each other. 14, 15 Activated JAK proteins bind and phosphorylate STAT transcription factors latent in the cytoplasm. 16 Phosphorylated STATs form homodimers and sometimes heterodimers, translocate to the nucleus, and bind consensus DNA sequences to regulate transcription.
In total, there are seven STAT proteins in humans: STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6. Particular cytokines lead to activation of certain JAKs and STATs.
1 Each STAT has a slightly different DNA binding motif, allowing them to regulate a distinct subset of genes. 1 Autosomal dominant mutations of STAT1 or STAT3 result in primary immunodeficiency called chronic mucocutaneous candidiasis or Job syndrome, respectively. 17, 18 JAK-STAT signaling is transient and regulated by negative feedback loops. Four common mechanisms for this are currently recognized, and include: 1) Internalization and degradation of the receptors by the lysosome and proteasome pathways, 19 2) Phosphatase (e.g., SHP-1) recruitment to the receptor, leading to dephosphorylation of JAKs, 20 3) Induction of inhibitors such as the suppressors of cytokine signaling (SOCS), SOCS1-7, 21 and 4) Sumoylation of STATs by protein inhibitor of activated STAT (PIAS) family members, PIAS1-4. 22 These inhibitory mechanisms are usually activated by JAK-STAT signaling, forming a negative feedback loop that ensures JAK-STAT signaling is transient, preventing the uncontrollable cell growth frequently seen in cancer and myeloproliferative diseases.
Recently, an expanded search for new players in JAK-STAT signaling has identified several non-coding RNA species. These findings have important implications for our understanding of JAK-STAT signaling, which will be discussed in this review. To date, non-coding RNAs are categorized somewhat arbitrarily by size. Short non-coding RNAs (<200 base pairs) include microRNAs, tRNAs, small nucleolar RNAs, and several others. Of this Being a well-characterized pathway, JAK-STAT signaling serves as a valuable paradigm for studying the architecture of gene regulatory networks. The discovery of untranslated or non-coding RNAs, namely microRNAs and long non-coding RNAs, provides an opportunity to elucidate their roles in such networks. in principle, these regulatory RNAs can act as downstream effectors of the JAK-STAT pathway and/or affect signaling by regulating the expression of JAK-STAT components. examples of interactions between signaling pathways and non-coding RNAs have already emerged in basic cell biology and human diseases such as cancer, and can potentially guide the identification of novel biomarkers or drug targets for medicine.
group, only microRNAs have been found to associate with JAK-STAT, whereas the others largely perform housekeeping functions. Long non-coding RNAs (>200 base pairs) include long intervening non-coding RNAs (lincRNA), pseudogenes, circular RNAs, anti-sense RNAs, and enhancer RNAs.
Overview of MicroRNA Pathway
MicroRNAs are evolutionarily conserved, small, untranslated RNAs of ~21 nucleotides in length that silence gene expression posttranscriptionally (reviewed by Ambros 23 ). To date, more than 1000 miRNA genes have been cataloged in the human genome. 24 Altogether, miRNAs are predicted to regulate approximately 60% of protein-coding transcripts, 25 and represent an important regulatory layer of gene expression. The vast majority of miRNA genes are transcribed by RNA polymerase II, and as such their expression can be regulated by transcription factors and chromatin regulators, similar to conventional protein-coding genes. 26, 27 Historically, searches for STAT targets have focused on proteincoding genes; however, it is likely that STATs will regulate the expression of non-coding RNAs with yet unappreciated results (Fig. 1A) .
Nascent parental miRNA transcripts are not destined for translation by the ribosome but are instead processed by a series of enzymatic cleavages to generate a functional mature miRNA. Typically, the larger parental transcript, called a primary miRNA (primiRNA), undergoes 7-methylguanosine (m 7 G) capping at the 5′ end and polyadenylation at the 3′ end to prevent exonucleolytic degradation, and in some cases can undergo splicing. 28 The primiRNA is processed in the nucleus by the Drosha-DGCR8 complex (called Microprocessor), which recognizes the junction between single stranded and double stranded regions of stem-loop RNA structures, and cleaves ~11 bp downstream of the junction. The excised stem-loop is called a precursor miRNA (pre-miRNA) if it harbors a mature miRNA sequence within the stem. 29 The pre-miRNA is exported out of the nucleus by exportin-5. Once in the cytoplasm, Dicer further processes the pre-miRNA into a double stranded duplex ~21 base pairs long. One strand from this duplex, known as the guide strand, is loaded into Argonaute proteins within the miRNA-induced silencing complex (miRISC). In this complex, the guide strand acts as a template to allow miRISC to recognize mRNA targets in a sequence-specific manner. The "seed region" of the guide strand, bases 2-8 at the 5′ end, are evolutionarily conserved and believed to be the most important for recognizing mRNA targets. 30 Once the miRISC complex interacts with a target, it can promote deadenylation of the mRNA and/or inhibit it from being translated, effectively leading to posttranscriptional silencing of gene expression. Most studies of miRNA-mRNA interactions have focused on the 3′ UTR of mRNAs. It is believed that the 3′ UTR is generally accessible to the RISC complex even when an mRNA is being actively translated by ribosomes. However, recent transcriptome-wide analyses of miRNA-mRNA interactions have revealed that miRNA binding sites can also be found elsewhere in the mRNA 31 and in non-coding RNAs. 32 Although much is known about miRNAs and their mechanism of action, it remains a great challenge to demonstrate the functionality of miRNA binding sites in vivo, since the ultimate validation would be mutation of these binding sites in their endogenous context.
Transcriptional Regulation of miRNA Genes by JAK-STAT
While the bulk of research has focused on finding proteincoding genes that are transcriptionally activated or repressed by JAK-STAT, a comprehensive understanding of regulatory networks must also identify non-coding RNAs whose expression is regulated by the JAK-STAT pathway. As would be predicted, STATs can directly transactivate the expression of non-coding RNA genes, which act as downstream players in the JAK-STAT pathway. One of the first miRNAs shown to be induced by JAK-STAT, miR-21, resembles an oncogene in function. 33 It is expressed in multiple myeloma cells and head and neck squamous cell carcinoma, and can contribute to cell proliferation, as well as resistance to apoptosis and chemotherapy. 33, 34 Another microRNA that acts as an oncogene, miR-155, is induced by STAT3, and there are at least two peaks of STAT3 enrichment at the Mir155 locus that coincides with P300 binding (Fig. 2A) . 35 MiR-29a and miR-29b-1 are also induced by JAK-STAT, however in contrast to miR-21, miR-29 may be a tumor suppressor. MiR-29a and miR-29b-1 are expressed when melanoma cells are exposed to the antitumor cytokine IFNγ. IFNγ activates STAT1, which binds to five gamma interferon activation site (GAS) elements in the promoter of the miR-29a~29b-1 cluster (GAS elements contain a DNA sequence motif that is recognized by STAT1). 36 These examples show that JAK-STAT can directly induce miRNA expression via the binding of STAT proteins to miRNA promoters and enhancers, and it is likely that this is a common mechanism. It would be important to analyze this on a genomewide level, to identify more miRNAs regulated by JAK-STAT under different situations.
Posttranscriptional Silencing of JAK-STAT Components
JAK-STAT has proven to be a robust, fundamental signaling pathway for many eukaryotic organisms, having orthologs in species distant from humans (such as C. elegans and D. melanogaster). It has become apparent that JAK-STAT signaling cannot function properly with just the core pathway components, but is in fact much more complex. The PIAS, SOCS, and protein tyrosine phosphatase (PTPs) families regulate the JAK-STAT pathway at various steps (reviewed by Shuai et al. 37 ). It is now becoming appreciated that miRNAs can provide an additional layer of control for JAK-STAT signaling (see Table  1 ). Although still a new area of research, there have been major findings in cell biology as well as health and disease. These non-coding RNAs need to be systematically investigated in future studies of JAK-STAT as well as during the search for treatments.
Recently, posttranscriptional regulation has emerged as a new mechanism of regulating JAK-STAT components, with effects on strength and temporal aspects of signaling. Effects 
Intersection of miR-155 and JAK-STAT in CD4 + T Cells
JAK-STAT signaling in CD4 + T cells leads to the activation and differentiation of T helper cells, such as the Th1, Th2, and Th17 lineages, as well as regulatory T (Treg) cells. 38 The lineage that develops following activation of naïve CD4 + T cells is determined by cytokines in the microenvironment. For example, cytokines that activate STAT3 in naïve CD4 + T cells lead to the development of Th17 cells characterized by the expression of the RORγt transcription factor and IL17 cytokine. Recently, we found that miR-155 is a direct transcriptional target of STAT3 in Th17 cells (Fig. 2A) . 35 Without miR-155, Th17 cells do not effectively produce IL-17. 39 However, it is not understood how miR-155 facilitates Th17 functionality.
It is known that miR-155 plays an important role in the differentiation of both T and B lymphocytes, central components of the adaptive immune system. MiR-155 knockout mice are immunodeficient, and have problems with both B and T cell responses. 40, 41 Consequently, they have trouble developing appropriate immune memory, and do not respond well to vaccinations or infections. CD8 + T cell function is dependent on miR-155, and viral clearance is impaired in miR-155-deficient CD8 + T cells. 42 Interestingly, the optimal homeostasis of Treg cells depends on miR-155 targeting SOCS1, a negative regulator of JAK-STAT signaling. 43, 44 SOCS proteins form a negative feedback loop for JAK-STAT signaling: once STAT proteins translocate to the nucleus, they activate expression of SOCS proteins, which then repress the activity of JAK proteins. 45 This suggests that miR-155, which is itself induced during T cell activation, is important for maintaining low levels of SOCS1 in recently activated CD4 + T cells, and in this manner it contributes to the robustness of JAK-STAT signaling by dulling a negative feedback loop. Sites with higher probability of preferential conservation are reported from TargetScan Release 6.2 (published interactions shown in bold). 25 Due to space constraints only miR-1 up to miR-400 are included, and sites with lower probability of conservation are not shown.
a Human miRNA-target relationships reported in the literature but not predicted by TargetScan to have higher probability of preferential conservation (also shown in bold). For brevity, published mouse miRNA-target relationships are not listed.
The situation is likely more complex, however, as miRNAs do not act as on-off switches for gene expression but rather as fine-tuners. 46 miRNAs silence gene expression from 1.2-to 4-fold, yet since they mediate many major biological processes, miRNAs may have evolved to control key regulatory proteins that are sensitive to this range of modulation, as well as buffer undesirable transcriptional noise. In the immune system, where each response must be correctly tailored to combat individual infections, diverse mechanisms of control are advantageous. If the immune response is too small or too slow, the pathogen will prevail, and the infection could lead to death of the host organism. On the other hand, high levels of inflammation can be detrimental to the host, leading to local tissue damage, or even worse, fatal systemic problems such as a cytokine storm.
MicroRNAs and JAK-STAT in Disease
Dysregulation of miR-155 expression has been linked to cancer and, based on mouse studies, possibly immune disease as well. 39, 47, 48 Recently, the role of miR-155 has been studied in two mouse models of inflammatory disease: experimental autoimmune encephalitis (EAE) and experimental autoimmune uveitis (EAU). EAE pathogenesis is characterized by inflammatory foci in the brain and spinal cord, mediated by Th17 cells, that is reminiscent of multiple sclerosis in humans. 49 Blocking or eliminating miR-155 effectively reduced pathogenic Th17 cells, as well as symptoms of the EAE disease in mice. 39, 50, 51 As higher levels of miR-155 are seen in patients with MS, 52 this line of research could lead to a new treatment of MS by blocking miR-155. In a similar fashion, miR-155 appears to be pathogenic in EAU. 35 Another miRNA, miR-301a, was also shown to participate in EAE pathology by silencing PIAS3, a protein that inhibits STAT3 by sumoylating the transactivation domain. 53 These examples demonstrate the promising medical potential of studying the roles of non-coding RNA within the JAK-STAT regulatory network.
Overview of Long Non-Coding RNAs
Long non-coding RNAs (lncRNA) are defined as transcripts of more than 200 base pairs in length that do not contain discernable open reading frames. LncRNAs have been further classified based on their size and genomic relationship to protein-coding genes, for example, by the GENCODE consortium, which has produced the most comprehensive database of human lncRNAs. 54 However, this classification scheme is based on currently available annotation data only. Another group of non-coding RNA expressed from certain enhancers, known as enhancer associated RNA (eRNA), has been proposed based on their putative function. [55] [56] [57] These transcripts range in size from 50 to 2000 bp, so some actually would be categorized as small non-coding RNA, while others would be considered lncRNA. It is possible that as we uncover the functions of lncRNAs, different families will be recognized, and a functional classification scheme may be favored.
A handful of important lncRNAs have been appreciated for many years, however it was not until recently that the existence of thousands of lncRNAs was recognized. Some of the early examples of lncRNAs are Terc and XIST. Terc, discovered 1995, serves as the RNA template used for telomere elongation. 58 XIST was discovered in 1991, and controls X chromosome inactivation in eutherians. 59, 60 Discovery and Functions of Long Non-Coding RNA After the human genome project and the ENCODE pilot project, widespread transcription was seen from regions of the genome that did not contain genes. Due to low conservation of these transcripts, it was thought that most were merely transcriptional noise. Later, with improvements in genome-wide tiling microarrays, and eventually RNA-sequencing (RNA-seq), it became clear that thousands of lncRNAs exist, and these are highly regulated in cells. These lncRNAs are polyadenylated, spliced, and show highly tissue-specific patterns of expression. 54, 61, 62 Although the function for most of these lncRNAs is still not known (or if all are even functional), a few have been shown to associate with chromatin modifying enzymes, acting as tethers or guides to help change the pattern of gene expression. 63 Thus, there are emerging clues which suggest that lncRNAs act as important mediators of gene expression. The lincRNA TINCR coordinates differentiation of skin cells by regulating the expression of hundreds of important genes in this process. 64 It works by binding the Staufen1 protein, forming a complex that regulates the stability of mRNAs such as KRT80.
HOTAIR and XIST are two other lincRNAs with important effects on gene expression. 59, 60, 63, 65, 66 They associate with polycomb repressor complex 2 (PRC2), leading to transcriptional silencing of HoxD genes, in the case of HOTAIR, and an entire female X chromosome, in the case of XIST. Recently, lncRNAs were found to interact directly with Jarid2, an accessory component of PRC2, and play a role in chromatin targeting. 67 When these lncRNAs interact with PRC2, they guide the complexes to target locations on the genome, where PRC2 is able to catalyze H3K27me3 histone marks, which silences chromatin and gene expression. 68, 69 Thus, even though PRC2 is ubiquitous, in concert with lncRNAs it may be able to target specific genomic regions in different cell types.
Long Non-Coding RNAs are Targets of JAK-STAT during T Helper Cell Differentiation
Recently, JAK-STAT signaling has been shown to regulate the expression of hundreds of long intergenic non-coding RNAs (lincRNAs) when naïve CD4 + T cells differentiate into either Th1 or Th2 lineages. 70 Expression of 90 lincRNAs was reduced in STAT4-deleted cells grown in Th1 differentiation conditions, and expression of 56 lincRNAs were reduced in STAT6-deleted cells grown under Th2 differentiation conditions. Consistent with these observations, STAT4 and STAT6 bound to the genomic vicinity of lincRNAs preferentially expressed in Th1 or Th2 cells, respectively (examples in Fig. 2B and C) .
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These lincRNAs are candidates for factors that help drive cell differentiation toward the Th1 and Th2 lineages. STAT proteins initiate a gene expression program for cell differentiation by activating or repressing transcription of key genes that mediate changes in cell identity, including surface receptors, cell cycle genes, and of particular importance, transcription factors such as TBX21, GATA3, and RORC (expressed in Th1, Th2, and Th17 cells, respectively). Future work will reveal which lincRNAs, if any, also play important roles in T helper cell differentiation. NeST, an enhancer-like lncRNA, has been found to recruit WDR5 and promote histone H3 lysine 4 (H3K4) trimethylation at the IFNG locus. 71 NeST is expressed in Th1 cells but not Th2 cells, 71 and its expression is dependent on STAT4 and TBX21. 72 With these examples in mind, investigating lincRNAs that regulate gene expression should be promoted in JAK-STAT research, or any other signaling pathway for that matter. LincRNAs likely work alongside other genes induced by signaling pathways to help orchestrate the complex changes in gene expression and chromatin remodeling that leads to cell differentiation. The highly cell-specific expression of lincRNAs is a key feature that implicates them in this role. LincRNAs could, for example, help guide ubiquitously expressed chromatin remodeling factors or transcription factors to locations in the genome important for cell differentiation, using their cell-specific expression as a mechanism to mediate the variation in binding patterns of these factors seen in different tissues.
The rapid production of lincRNAs relative to proteins, as well as prompt control of their breakdown by cells, are features of this transcript species that make them useful during cell differentiation. Most lncRNAs are processed immediately after transcription, and polyadenylated, 62 similar to mRNAs, however, they do not require the extra translation and posttranslational modification steps that are necessary for the production and activity of proteins, and thus can be produced much more rapidly. This could be valuable when rapid cell division and differentiation is needed.
Furthermore, RNA degradation is generally a quicker and more efficient process than protein degradation. RNA can be degraded by ribonucleases such as the exosome complex using a hydrolytic reaction. Although lincRNA half-lives can range from less than 2 h to more than 16 h, on average, they have shorter half-lives than mRNAs. 73 As an extreme example, some long non-coding RNAs named promoter associated pervasive transcripts (PROMPTs) are degraded almost immediately after they are transcribed, and can only be detected if the RNA degradation machinery is disrupted. 74 Cells likely take advantage of the rapid production and turnover of lincRNAs to mediate cellular differentiation and other processes; in a similar sense, lincRNAs may also contribute to the functional pleiotropy of JAK-STAT by acting as cell specific regulators of gene expression.
Non-Coding RNA-Based Treatments
The JAK-STAT pathway has been targeted for the treatment of rheumatoid arthritis, psoriasis, and inflammatory bowel disease (for an excellent review, see ref. 75 ). To date, 13 JAK inhibitors (Jakinibs) have been approved for clinical use for rheumatoid arthritis and other diseases, and many others are in development or in clinical trials. Importantly, Jakinibs have been shown to be efficacious in patients that did not respond to biological drugs, demonstrating that targeting this pathway is a sensible approach for treating many immune diseases. Unfortunately, patients who received Jakinibs have reported increased risk of serious infection, 76 and Jakinibs are generally not used as first line therapy in most autoimmune diseases. Thus it would be beneficial to find alternative methods of selectively inhibiting JAK-STAT signaling, until an approach is found with therapeutic efficacy and minimal side effects.
Studies in animal models reveal that miRNAs could serve as attractive drug targets for the treatment of autoimmune disease. Blocking miR-155, for example, has potential for the treatment of multiple sclerosis and uveitis, as it can prevent EAE and EAU pathogenesis in mice. 35, 51 As some miRNAs and lncRNAs are more tissue specific than other JAK-STAT components that have been therapeutically investigated, fewer side effects would be predicted. Although clinical trials are evaluating the potential of miR-122 blockers to treat hepatitis C viral infections, 77 the technology for delivering this type of drug generally requires further improvement. However, it will be more straightforward to rationally design drugs against miRNAs, as therapies would be designed based on a linear nucleic acid sequence, which could drastically cut down on the cost of drug screening and accelerate drug development.
Conclusions
Future studies will hopefully provide a deeper understanding to these findings. Additionally, as tools and methods improve to predict, identify, and validate miRNA targets, it will be easier to demonstrate novel interactions with the JAK-STAT pathway. This could lead to a better understanding of diseases and new treatments. Knowledge of lncRNAs has not yet caught up to our understanding of miRNAs; however, recent studies have provided a strong foundation to propel the field forward, through the creation of high quality expression catalogs and transcript models. Given the high number of known lncRNAs, it is very probable that some will be found to interact with the JAK-STAT signaling pathway, and enact several different mechanisms, such as transcriptional, posttranscriptional, or translational control. Additionally, as expression of lncRNAs is much more tissue specific than genes, 62 they may serve as important biomarkers.
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